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Abstract

Congenital heart defect is one of the most common structural birth defects in the human
population. It is highly associated with heterotaxy, a birth defect involving randomized left-right
patterning of visceral organ situs. Large scale mouse forward genetics have led to the finding of a
central role for cilia in CHD pathogenesis, with some cilia and non-cilia mutations causing CHD
with heterotaxy. Interestingly, many of the mutations causing CHD with heterotaxy can give rise to
three laterality outcomes comprising normal situs solitus, mirror symmetric situs inversus totalis,
or randomized situs with heterotaxy. Given CHD is largely observed only with heterotaxy, this
suggests a new paradigm is needed for investigating the genetics of CHD associated with
heterotaxy. Furthermore, analysis of data from multiple large birth cohorts have independently
confirmed a broader involvement of laterality disturbance in CHD. This was demonstrated by the
common cooccurrence of rare laterality defects with CHD lesions of a wide spectrum. These
findings suggest left-right patterning is tightly intertwined with the developmental processes that
regulate cardiac morphogenesis and its disturbance may contribute to all types of CHD even in the
absence of laterality defects.
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1| CRITICAL CONGENITAL HEART DISEASE

Congenital heart defect (CHD) is one of the most common structural birth defects, affecting
up to 1% of live births (Liu et al., 2019; van der Linde et al., 2011). Simple defects such as
ventricular septal defects (VSD) and atrial septal defects (ASD) encompass a large majority
of CHD (Reller, Strickland, Riehle-Colarusso, Mahle, & Correa, 2008). These are usually
benign and require minimal or no clinical intervention. In contrast, critical or complex CHD
lesions encompassing only 20% of all CHD drives the majority of disease burden in CHD
(Hoffman, Kaplan, & Liberthson, 2004). Patients with critical CHD usually require clinical
intervention in the neonatal period with surgical palliation. The lethality of such CHD
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lesions stems from disruption of efficient blood oxygenation built around the unique left-
right asymmetry of the cardiovascular system. This asymmetry allows for two independent
circuits of blood flow connected in series. The pulmonary circuit conducts deoxygenated
blood returning from the body for reoxygenation in the lung, while the systemic circuit
delivers the oxygenated blood from the lung to the rest of the body. Structural heart defects
with anatomical perturbations affecting this left-right asymmetry are largely incompatible
with postnatal survival. However, with recent clinical advances in critical care and
congenital cardiac surgeries, most patients with complex CHD now survive into adulthood.
In fact, currently there are more adult CHD patients then children born every year with CHD
in the United States (Gilboa et al., 2016). However, as adult CHD patients continue to suffer
high morbidity, this has created new challenges with the management of clinical care for
adult CHD patients (Marelli, Miller, Marino, Jefferson, & Newburger, 2016; Saha et al.,
2019).

2| CONGENITAL HEART DISEASE AND LATERALITY DEFECTS

Congenital heart defect is highly associated with heterotaxy (HTX), a birth defect involving
randomization of left-right visceral organ situs (Lin et al., 2014). In contrast to CHD, HTX
is a rare disorder with an incidence estimated at one in 10,000 (Bedard et al., 2012;
Khoshnood et al., 2012; Lin et al., 2014; Lin, Ticho, Houde, Westgate, & Holmes, 2000). It
can involve alteration of left-right patterning not only of the heart, but other visceral organs,
such as left-right lung and liver lobation. In human, typically there are three lung lobes on
the right and two on the left. The stomach and spleen are usually situated on the body’s left
side, while normal gut looping entails a developmentally regulated 270° rotation around the
superior mesenteric artery. If all the visceral organs show mirror symmetric reversal of
visceral organ situs, it is referred to as situs inversus totalis, and such individuals often go
undetected clinically. However, if there is randomization of visceral organ situs, this can
result in life threatening congenital defects of the heart and other organs. Thus, while
alterations in lung or liver lobation are largely inconsequential, abnormal gut looping can
cause duodenal obstruction or midgut volvulus that can be life threatening. The latter is
observed with an incidence of one in 6,000 (Berseth, 1998). Another life-threatening
visceral organ laterality defect is biliary atresia, also a relatively rare birth defect with an
incidence of one in 10,000-15,000(Bates, Bucuvalas, Alonso, & Ryckman, 1998; Lupo et
al., 2017). Biliary atresia causes bile to back into the liver, resulting in jaundice and ensuing
liver cirrhosis and liver failure. Biliary atresia is often found in association with polysplenia,
dextrocardia, and gut malrotation, indicating the disturbance of left-right patterning
(Mathur, Gupta, Soni, Ahmed, & Goyal, 2014). With HTX, there may be not only abnormal
positioning of the heart in the chest cavity, such as dextrocardia or mesocardia, but also more
problematic complex CHD involving left—right atrioventricular discordance or ventricular-
arterial discordance, such as seen with D or L-transposition of the great arteries.

Am J Med Genet C Semin Med Genet. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gabriel and Lo Page 3

3| PREVALENCE OF CHD ASSOCIATED WITH LATERALITY DEFECTS IN
BIRTH DEFECTS COHORT

A retrospective study of cases with laterality defects from data curated in the National Birth
Defects Prevention Study (NBDPS) yielded 517 nonsyndromic laterality defect cases, of
which 378 had heterotaxy (HTX) and 130 had situs inversus totalis (SIT; Lin et al., 2014).
Among the HTX cases, 90.2% had CHD, with 82.8% being complex CHD (Lin et al., 2014).
Interestingly, among the SIT cases, only 41% had CHD and of these, 25% were simple CHD
(Lin et al., 2014). Detailed examination of the phenotypes showed all types of CHD lesions
are seen in conjunction with laterality defects, with the highest incidence in double outlet
right ventricle (DORV), atrioventricular cushion defect (AVSD), total anomalous pulmonary
venous return (TAPVR), and also single ventricle (SV) lesions (Table 1A; Lin et al., 2014).
Overall, these observations confirm the well described association of CHD with HTX. They
further show CHD can cooccur with SIT, although with much lower prevalence. Together
these findings suggest the disturbance of left-right patterning may play a pivotal role in
CHD pathogenesis and this is not restricted to specific CHD lesion types.

While this study on the NBDPS cohort focused on the incidence of CHD in cases with
known laterality defects, it is interesting to note data on laterality defects in another study
that examined the incidence of CHD phenotypes in three large registries of congenital
malformations. This encompassed data from over 12,000 infants with CHD from 4.4 million
live births (Pradat, Francannet, Harris, & Robert, 2003). The co-occurrence of other birth
defects including laterality disturbance was examined, including situs inversus, gut
malrotation, and spleen abnormalities (Pradat et al., 2003). As laterality defects are rare,
left-right patterning defects co-occurring by chance among cases with critical CHD is
expected to be even more rare. Interestingly, all three laterality defects were found in all the
same critical CHD lesions seen in the NBDPS study (Table 1B). It should be noted the
prevalence of the critical CHD lesions were similar to that reported in other studies, ranging
from 0.4 to 2 per 10,000 (Julien IE Hoffman & Kaplan, 2002). Notable is the association of
23.5% of SV cases with spleen abnormalities (Lin et al., 2014; Pradat et al., 2003). The four
CHD lesions (SV, DORV, AVSD, TAPVR) with the highest incidence of laterality defects in
the NBDPS study also had the highest incidence of laterality defects in the latter CHD
focused study (Table 1). Also notable was the high incidence of laterality defects among the
HLHS and PA cases in the CHD study (Table 1B), with a striking finding that 10% of PA
cases have situs inversus (Pradat et al., 2003). These findings suggest CHD cases with high
cooccurrence of rare laterality phenotypes are unlikely to arise from random chance
associations. Indeed, the latter study of CHD cases reported an odds ratio of 3.57 (95%ClI
2.56-4.98) for the association of complex CHD with situs inversus, 3.52 (95% ClI 2.62-4.73)
for CHD with malformations of the spleen, and 1.86 (95% CI 1.20-2.89) for CHD with gut
malrotation (Pradat et al., 2003). Together these findings confirm left—right patterning plays
an important role in a wide spectrum of CHD. They further suggest the possibility that left—
right patterning may be involved in CHD pathogenesis beyond its well described association
with heterotaxy.
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4| INTERROGATING THE GENETICS OF CHD PATHOGENESIS WITH
MOUSE FORWARD GENETICS

Insights into the connection between heterotaxy, left-right patterning and CHD pathogenesis
may come from better understanding of the genetic etiology of CHD. Supporting a genetic
etiology for CHD is the well described association of CHD with various chromosomal
abnormalities and copy number variants (Zaidi & Brueckner, 2017). Particularly notable are
the known association of CHD with trisomy 21 in Down’s syndrome, 22q11 deletion in
DiGeorge syndrome, and loss of the X-chromosome in Turner syndrome (Bondy, 2008;
Freeman et al., 1998; Ryan et al., 1997). Further supporting a genetic etiology for CHD is
the finding of a high recurrence risk for CHD in familial studies (Fesslova et al., 2011; @yen
et al., 2009). However, the confounding effects of genetic heterogeneity in the human
population have complicated investigations into the genetics of CHD. Clinical studies have
shown CHD is largely sporadic, and is associated with incomplete penetrance and variable
expressivity (Blue et al., 2017). Together, these challenges have hampered progress in
elucidating the genetic landscape of CHD.

These challenges can be largely overcome with genetic studies conducted in animal models
such as inbred mice. Mice have the same four chamber cardiovascular anatomy that is the
substrate for human CHD. Moreover, inbred mice essential for genetic analysis are readily
available and the mouse genome is well characterized and nearly identical to that of the
human genome (Rosenthal & Brown, 2007). To interrogate the genetic landscape of CHD,
we conducted a large scale chemical mutagenesis screen with ethylnitrosourea to recover
CHD causing mutations (Li et al., 2015). This phenotype based screen used high throughput
noninvasive fetal echocardiography for cardiovascular phenotyping, an imaging modality
highly sensitive for the detection and diagnosis of CHD (Liu et al., 2014). Follow up
histological reconstructions were used to confirm the ultrasound CHD diagnosis. Mutation
recovery was carried out using whole exome sequencing (WES) analysis with sequence
alterations in the mutant identified by comparison to the reference genome.

Ultrasound cardiovascular phenotyping of 100,000 fetal mice yielded over 300 mutant lines
with a wide spectrum of CHD that included outflow septation defects such as persistent
truncus arteriosus (PTA), outflow tract malalignment defects such as double outlet right
ventricle (DORV) and transposition of the great arteries (TGA), and also right sided lesions
such as hypoplastic right heart syndrome (HRHS) or left sided lesions such as hypoplastic
left heart syndrome (HLHS; Figure 1;Li et al., 2015; Liu et al., 2017). Unexpectedly, 30% of
the CHD mutant lines recovered exhibited laterality defects and half of the pathogenic CHD
causing mutations were in cilia related genes (Li et al., 2015). This included genes essential
for motile or non-motile primary cilia structure/function (Li et al., 2015). In addition, also
recovered were many mutations required for cilia transduced cell signaling, and genes
regulating vesicular trafficking, a pathway important for ciliogenesis and cilia transduced
cell signaling. Together these findings point to a central role for cilia in CHD pathogenesis
(Li et al., 2015). Interestingly, both motile and nonmotile primary cilia have essential roles
in left-right patterning. However, not all the laterality mutants harbored cilia mutations, and
conversely not all cilia related CHD causing mutations were associated with laterality
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defects. Together these findings suggest the role of cilia in CHD pathogenesis extends
beyond the regulation of left- right patterning.

5] ROLE OF CILIA AND LATERALITY DISTURBANCE IN CHD
PATHOGENESIS

Given the mouse mutagenesis screen was phenotype driven, the preponderance of cilia
related genes was unexpected. The motile cilia genes recovered included many known to
cause primary ciliary dyskinesia (PCD), a sinopulmonary disease due to mucociliary
clearance deficits arising from dyskinetic or immotile cilia in the airway (Noone et al.,
2004). Importantly, all the CHD mutant lines with pathogenic mutations in known PCD
genes also exhibited laterality defects, a reflection of the requirement for motile cilia
function in the embryonic node for left-right patterning (McGrath, Somlo, Makova, Tian, &
Brueckner, 2003). Clinically PCD patients are also known to have laterality defects, such as
Kartagener’s syndrome, a birth defect involving mirror symmetric reversal of visceral organ
left—right asymmetry (Leigh et al., 2009). More recently, PCD patients also have been shown
to be at risk for HTX, and for CHD associated with HTX (Kennedy et al., 2007; Shapiro et
al., 2014). Importantly, in all the mouse lines harboring mutations in PCD related genes, a
single mutation typically can yield three alternative phenotypic outcomes: SS, SIT, and
HTX, with CHD mostly seen with HTX (Figure 2). Similar to findings in mice, PCD
mutation can give rise to three possible laterality outcomes, with CHD predominantly seen
with HTX.

In the PCD mutant mouse lines, typically 40% of the homozygous mutants have heterotaxy,
while the rest are distributed approximately equally between normal SS or SIT. CHD was
largely only seen in mutants with HTX, and these are underrepresented at birth, a reflection
of the prenatal lethality of many HTX mutants with complex CHD (Li et al., 2015; Tan et
al., 2007). Mutant lines harboring mutations in PCD related genes were found to have
respiratory motile cilia defects, both in the airway and in the embryonic node where motile
cilia are required for orchestrating normal left-right patterning. It should be noted some of
the cilia mutations causing CHD are primary cilia related and do not affect motile cilia
function (Li et al., 2015). They also can give rise to three phenotypic outcomes as observed
for the PCD causing mutations affecting motile cilia function. In addition, we also recovered
mutations in non-cilia related genes causing CHD associated with heterotaxy, and most of
these laterality mutants also yielded the same three laterality phenotypic outcomes (Li et al.,
2015). However, we note in all these laterality mutant lines, CHD is typically only seen with
heterotaxy. More rarely, CHD was observed with either SS or SIT, but usually these
comprise relatively mild phenotypes such as VSDs. Conversely, heterotaxy mutants typically
had complex CHD, and only very rarely had mild CHD. Surviving heterotaxy mice with no
CHD phenotypes are almost never found.

The findings from our mouse forward genetic screen would suggest the perturbation of
laterality has an important role to play in CHD pathogenesis. This accounted for some of the
enrichment in cilia related mutations, although as noted above, most cilia mutations causing
CHD did not cause laterality defects and conversely not all mutations causing CHD

Am J Med Genet C Semin Med Genet. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gabriel and Lo Page 6

associated with laterality defects were cilia related. Overall, findings in the mouse screen are
in agreement with the human birth cohort studies. For example, analysis of the NBDPS birth
cohort showed higher prevalence of complex CHD associated with HTX as compared to
cases with SIT (Table 1A; Lin et al., 2014). However, in the analysis focused on CHD cases,
some complex CHD lesions were more highly associated with situs inversus as compared to
gut malrotation or splenic anomalies that are indicative of heterotaxy (Table 1B; Pradat et
al., 2003). It should be noted the designation was situs inversus, not situs inversus totalis, as
reported in the NBDPS study. Hence, these cases may only involve situs reversal of a single
visceral organ indicating HTX with overall visceral organ situs discordance. Another
difference to note is the fact our mouse screen focused on monogenic causes of CHD, while
clinically CHD is more likely to involve complex genetics with an oligogenic disease
etiology (Gelb & Chung, 2014). These differences could account for some of the apparent
discrepancies between our findings and the observations seen in the clinical setting.

6| CLINICAL IMPLICATIONS FOR PATIENTS WITH CHD ASSOCIATED
WITH HETEROTAXY

Our screen being a prenatal fetal screen, can recover CHD causing mutations even if they
caused prenatal lethality. However, clinical studies largely only entail the examination of
liveborn infants and hence have inevitable selection bias due to the loss of mutations and
phenotypes associated with prenatal lethality. Indeed, studies examining stillborn fetuses
have shown a much higher prevalence of CHD and CHD associated with HTX then observed
in the clinical population (Buca et al., 2018; Hoffman, 1995). One other point of importance
to consider in clinical practice is the fact that many mutations causing CHD with heterotaxy
can potentially yield three different situs phenotypic outcomes. This is observed not only for
cilia related genes, but also non-cilia related genes. Hence, in genetic analysis, the inclusion
of sequencing data from normal individuals as controls can be problematic, especially if they
comprise unaffected siblings or relatives. Moreover, for genetic counseling, individuals with
SIT without CHD, or unaffected situs solitus family members of HTX/CHD cases may also
be carriers of genetic risk for CHD even if they do not exhibit either CHD or laterality
defects.

It should be noted CHD patients with HTX have been shown to have a high prevalence of
respiratory ciliary dysfunction and this is significantly associated with a higher risk for
postsurgical respiratory complications (Harden et al., 2014; Nakhleh et al., 2012).
Interestingly, further studies showed the respiratory ciliary dysfunction seen in CHD patients
with HTX, is also seen with equal prevalence in CHD patients without HTX (Garrod et al.,
2014). As with HTX patients, ciliary dysfunction in the non-HTX patients was also
associated with more postsurgical respiratory complications (Stewart et al., 2018). Overall,
these findings suggest there may be a high prevalence of cilia related mutations associated
with CHD pathogenesis, and these may contribute to increased mucociliary clearance
dysfunction driving postsurgical respiratory complications.
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7| ROLE OF LEFT-RIGHT PATTERNING IN CONGENITAL HEART

DISEASE

The high prevalence of laterality defects in patients with CHD would suggest the disturbance
of left—right patterning may have a central role in the pathogenesis of CHD, and this may be
driven by cilia related disturbances. Given the realization that many mutations causing CHD
with HTX can also give rise to SS and SIT, is it possible that patients with isolated CHD
without laterality defects might represent individuals with mutations disturbing laterality, but
with the chance outcome of SS? Could this account for some of the CHD burden in
individuals with isolated CHD without laterality defects? In our mouse screen, homozygous
mutants with SS outcome usually did not exhibit CHD (L. et al., 2015). However, differing
from the human population, our mice are entirely inbred and the screen was designed to
recover only recessive mutations. In the human population, CHD is more likely mediated by
complex genetics involving oligogenic interactions (Akhirome, Walton, Nogee, & Jay, 2017;
Gifford et al., 2019). This could also explain the observation of complex CHD in patients
with SIT, which is seldom seen in inbred mice.

It is interesting to note that among the different types of CHD lesions, there are some
complex CHD that show distinct left vs. right asymmetry, and these often result in single
ventricle physiology with only one functional pumping chamber comprising either the right
or left ventricle. Notable among these is the highly lethal lesion, HLHS, yielding only a
functional right ventricle. These and other left vs. right sided ventricular outflow obstructive
lesions referred to collectively as LVOTO/ RVOTO are interesting to consider in the context
of the possible essential involvement of left-right disturbance in the pathogenesis of CHD. Is
it possible that these striking left or right sided lesions are a reflection of left-right
patterning disturbance driving the pathogenesis of CHD? Precisely how the regulation of
left-right patterning is integrated and translated by the developing cardiovascular system is
still not well understood, although the nodal signaling cascade and downstream activation of
Pitx2 is well described to play important roles in looping of the heart tube and the regulation
of heart development (Bamforth et al., 2004; Franco, Sedmera, & Lozano-Velasco, 2017;
Patel, Isaac, & Cooke, 1999). Elucidating how these left vs. right sided cardiac lesions arise
will require a better understanding of the overall molecular mechanisms regulating left-right
patterning. Insights into the developmental etiology of severe lesions such as HLHS may
help elucidate the evolution of these distinct left vs. right sided cardiac lesions and whether
these lesions may involve the primary disturbance of left-right patterning. Such advances in
knowledge may help guide future development of new therapies that can help improve
outcome for patients with complex CHD who continue to suffer from high morbidity and
mortality.
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FIGURE 1.
Examples of congenital heart disease phenotypes identified in newborn mice. (a) Compared

to wildtype newborn mouse heart, mutants recovered in our forward-genetic ENU screen
exhibit a spectrum of cardiac phenotypes including (b) hypoplastic left heart syndrome
(HLHS) in which left sided heart structures including the left ventricle, aorta, and mitral
valve are severely hypoplastic, (c) hypoplastic right heart syndrome (HRHS) in which right
sided heart structures including the right ventricle, pulmonary artery, and tricuspid valve are
hypoplastic, (d) transposition of the great arteries (TGA) in which the aorta arises from the
right ventricle and the pulmonary artery arises from the left ventricle, (e) persistent truncus
arteriosis (PTA) in which a single outflow tract arises from the heart, and (f) double outlet
right ventricle (DORV) in which both the aorta and the pulmonary artery arise from the right
ventricle. Ao, aorta; PA, pulmonary artery; RV, right ventricle; LV, left ventricle; VSD,
ventricular septal defect. Scale bar represents 0.5 mm
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FIGURE 2.
Three phenotypic outcomes associated with mutations causing left-right patterning defects.

Mutations causing left-right patterning defects can result in three laterality phenotypes. (a)
An example of situs solitus, or the normal arrangement of visceral organ situs, in which the
heart apex points toward the left, the stomach is left sided, there are three lung lobes visible
on the right with two lung lobes visible on the left, and there are two liver lobes visible on
the left and one liver lobe visible on the right. (b) An example of situs inversus totalis in
which there is a mirror reversal of visceral organ situs and the heart apex points toward the
right, the stomach is right sided, there are three lung lobes visible on the left with two lung
lobes visible on the right, and there are two liver lobes visible on the right and one liver lobe
visible on the left. (c) An example of heterotaxy in which there is randomization of visceral
organ situs and the heart apex points toward the left, the stomach is right sided, there are
three lung lobes visible on the left with two lung lobes visible on the right, and there are two
liver lobes visible on the left and one liver lobe visible on the right. H, heart; L1-5, lung
lobation; Liv1-3, liver lobation; stm, stomach. Scale bar represent 2.5 mm
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